This study compares homogeneous and heterogeneous thorium-plutonium (Th-Pu) fuel assemblies (with high Pu content -20 wt%), and examines whether there is an increase in Pu incineration in the latter. A seed-blanket configuration based on the Radkowsky thorium reactor concept is used for the heterogeneous assembly. This separates the thorium blanket from the uranium seed, or in this case a plutonium seed. The seed supplies neutrons to the subcritical thorium blanket which encourages the in-situ breeding and burning of 233 U, allowing the fuel to stay critical for longer, extending burnup of the fuel.
Introduction 1
Due to significant nuclear proliferation concerns, the incineration or recycling of sepa-2 rated plutonium (Pu), the largest stockpile of which is situated in the UK (Broomby, 2013) , scheme (based on the Radkowsky thorium reactor concept) (Galperin et al., 1997 (Galperin et al., , 2000 23 where the blanket remains in the core three times longer than the seed. The long residence 
29
The Th-Pu fuel mix used contains 20 wt% Pu, which is roughly the limit beyond which Table 1 . Theoretical densities of 95% are used for PuO 2 and ThO 2 -33 11.5 g/cc and 10 g/cc respectively. The reduced boron worth due to this high Pu-content 34 fuel necessitated the use of enriched soluble boron (90 at% 10 B).
35
To facilitate a fair comparison between the different types of heterogeneous configurations 36 with the homogeneous assemblies in our analysis, exactly the same mass of Pu is used 37 throughout, but distributed differently in each assembly region to create heterogeneity. The 38 heterogeneous assembly model is as shown in Fig. 1 .
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39
As a full lattice optimization of a seed and blanket assembly configuration is beyond the 40 scope of this work, we have limited our study to:
41
• Setting the inner region of the assembly as the seed.
42
• Limiting the number of blanket pin rows to 3, i.e. a seed-to-blanket ratio of 108/156 43 pins ≈ 40/60, due to thermal-hydraulic considerations discussed by Bromley et al.
44
(2004).
45
The parameters that we will vary and their effects are:
46
• Fraction of total Pu mass in the seed (inner) region: This changes the degree of heterogeneity of the assembly. Hence for a fixed amount of Pu, we vary the fraction 48 of total Pu in the seed region, with the remaining Pu placed in the blanket region.
49
The respective Pu content is then homogeneously mixed with pure Th. Note that a
50
Pu fraction in the seed of 1.0 means that all the Pu in the assembly is placed in the 51 seed region and the blanket consists entirely of Th. Traditionally, the region with the 52 higher fissile content is defined as the "seed" region and the region with the higher 53 fertile content as the "blanket". As we have designated the inner region of the assembly 54 as the seed, for a 3 blanket row configuration, Pu fractions in the seed below 0.4 are 55 not analysed as this causes an inversion of the seed and blanket regions.
56
• Radius of blanket (outer region) pins: As the amount of Pu is fixed, an increase 57 in blanket pin size increases the amount of Th needed to accommodate the volume in-
58
crease. This means that the total amount of Th in the assembly will increase compared 59 to the homogeneous cases depending on the size of the pins in the blanket region. The Table 2 . Summary of analysed cases (S = seed region and B = blanket region).
seed pin size is kept constant at 0.4095 cm. Increasing the blanket pin size also affects 61 the hydrogen-to-heavy-metal ratio of this region.
62
The different configurations of the heterogeneous assemblies are shown in Note that, as shown in Table 2 , the blanket for Case 1Pu is comprised purely of Th, 
93
This behaviour is also seen for the two other 1Pu cases with blanket fuel pin sizes of 94 0.45 and 0.5 cm in Fig. 3 . However, there is a slight decrease in criticality, relative to the 95 standard case with a blanket fuel pin size of 0.4095 cm.
96
To understand this decrease, we examine the evolution of Pu and 233 U in the assembly.
97
While blanket pin size marginally affects the amount of 239 Pu burnt (Fig. 4a) 2016), the core MTC was limited by the MTC of the fresh fuel.
119
To confirm this behaviour, a full-core burnup cycle was executed for Case 1Pu with a 120 standard out-in core loading pattern. Full-core calculations were carried out using PAN- cycle.
127
For this study, the lattice-level MTC was calculated under "core-average critical boron" 128 conditions, which is simply a batch-averaged critical boron concentration (CBC) (Fig. 7a) . because a large blanket would mean a larger proportion of the assembly is affected by the 153 blanket region-average asymptotic spectrum and is thus sensitive to its perturbation.
154
With regards to MTC, for Case 1Pu, a smaller CBC is required due to the reactivity 155 hold-down at the start of life (Fig. 2) . Despite this, the MTC does not reduce accordingly,
156
but is, in fact, twice the value of the other cases. As the MTC increases sharply between Pu 157 fractions of 0.8 and 1.0, we found it instructive to dissect these cases further, as per Table 3 . High Pu seed region fraction cases examined (S = seed region and B = blanket region).
Understanding effects on MTC
162
Positive MTC for Th-Pu fuel was originally thought to be due to the large soluble boron 
177
We then investigate the partial MTC contribution of 239 Pu over the energy spectrum,
178
as shown in Fig. 10 . As identified in a previous study (Zainuddin et al., 2016) , the main 179 contribution to positive MTC of high Pu content fuel comes from increased fission in the ep-180 ithermal region of the spectrum. However, the main difference between Cases 1Pu and 0.8Pu 181 is at energy levels of 1 eV and below. In Case 0.8Pu, there is more negative contribution to 182 the MTC compared to Case 1Pu, which has a positive contribution at 0.3 eV.
183
Further examining the flux spectra for the seed and blanket for both cases in Fig. 11 , it 184 is apparent that the blanket for Case 1Pu has a large thermal peak. As the blanket consists 
Refuelling
203
The objective of spatially separating seed and blanket is to allow the separate refuelling 204 of the seed region in a single assembly. As mentioned, the blanket will remain in the core 205 three times longer than the seed to allow the build-up of 233 U, enabling the discharge burnup 206 of the fuel to be increased.
207
We simulate refuelling by burning an assembly until it reaches its discharge burnup, the 208 value of which is found using the linear reactivity model (Driscoll et al., 1991) for a simple 209 3-batch refuelling scheme. At this point, the seed is taken out, and a fresh seed is placed in 210 the assembly with the once-burnt blanket, and this is repeated for a total of 3 seed cycles, 
227
The expectation in using this reloading scheme was that, by the end of the first cycle, Having settled on a Pu fraction that will give reasonable MTC and discharge burnup for 240 3 cycles, we now examine whether a heterogeneous assembly is able to breed more 233 U and assemblies. Fig. 15a shows that the heterogeneous assemblies do poorly compared to the 247 simple homogeneous case, with and without BPs. Table 4 shows the mass of 239 Pu and total
248
Pu incinerated in an assembly in each case.
249
Note that increasing the blanket pin size increases the 233 U that is created, which remains 250 at the end of cycle (Fig. 15b) between the two, we artificially divide the homogeneous assembly into inner and outer re-264 gions, having the same number of pins as the heterogeneous case 1Pu (Fig. 1) . Table 5 265 reminds us of the fuel composition in each region.
266
Comparing the fission reaction rates between these inner and outer regions and then but at a slower rate than in Case 1Pu (Fig. 16b) .
278
The summation of these effects is shown in Fig. 16c We showed that the homogeneous fuel with and without BPs incinerated more pluto-nium than its heterogeneous counterparts. This is because, while heterogeneous assemblies 307 efficiently bred 233 U, they also burnt it at the same time. 
